Protein interactions with peptides generally have low thermodynamic and mechanical stability. Streptococcus pyogenes fibronectin-binding protein FbaB contains a domain with a spontaneous isopeptide bond between Lys and Asp. By splitting this domain and rational engineering of the fragments, we obtained a peptide (SpyTag) which formed an amide bond to its protein partner (SpyCatcher) in minutes. Reaction occurred in high yield simply upon mixing and amidst diverse conditions of pH, temperature, and buffer. SpyTag could be fused at either terminus or internally and reacted specifically at the mammalian cell surface. Peptide binding was not reversed by boiling or competing peptide. Single-molecule dynamic force spectroscopy showed that SpyTag did not separate from SpyCatcher until the force exceeded 1 nN, where covalent bonds snap. The robust reaction conditions and irreversible linkage of SpyTag shed light on spontaneous isopeptide bond formation and should provide a targetable lock in cells and a stable module for new protein architectures. agging with peptides (e.g., HA, myc, FLAG, His 6 ) is one of the most common ways to detect, purify, or immobilize proteins (1-4). Peptides are very useful minimally disruptive probes (5) but they are also "slippery"-antibodies or other proteins typically bind peptides with low affinity and poor mechanical strength (6-9). We sought to form a rapid covalent bond to a peptide tag without the use of chemical modification, artificial amino acids, or cysteines (disulfide bond formation is reversible and restricted to particular cellular locations).
T agging with peptides (e.g., HA, myc, FLAG, His 6 ) is one of the most common ways to detect, purify, or immobilize proteins (1) (2) (3) (4) . Peptides are very useful minimally disruptive probes (5) but they are also "slippery"-antibodies or other proteins typically bind peptides with low affinity and poor mechanical strength (6) (7) (8) (9) . We sought to form a rapid covalent bond to a peptide tag without the use of chemical modification, artificial amino acids, or cysteines (disulfide bond formation is reversible and restricted to particular cellular locations).
It has recently been found that Streptococcus pyogenes, like many other Gram-positive bacteria, contains extracellular proteins stabilized by spontaneous intramolecular isopeptide bonds (10) . Here we explored the second immunoglobulin-like collagen adhesin domain (CnaB2) from the fibronectin binding protein FbaB, found in invasive strains of S. pyogenes (11, 12) and essential for phagocytosis-like uptake of the bacteria by endothelial cells (13) . CnaB2 contains a single isopeptide bond conferring exceptional stability: CnaB2 remains folded even at pH 2 or up to 100°C (12) . By splitting CnaB2 into peptide and protein fragments, followed by rational modification of the parts, we developed a peptide tag of 13 amino acids that rapidly formed a covalent bond with its protein partner (138 amino acids, 15 kDa) and characterized the conditions for reaction, cellular specificity of bond formation, and resilience of the reacted product.
Results
Design of SpyTag for Rapid Covalent Bond Formation. Crystallography and NMR have shown that CnaB2 forms a spontaneous intramolecular isopeptide bond (11, 12) ; quantum mechanical/ molecular mechanical calculations (12) indicate that the unprotonated amine of Lys 31 nucleophilically attacks the carbonyl carbon of Asp 117 (Fig. 1A) , catalyzed by the neighboring Glu 77 (Fig. 1B) . We hypothesized that splitting the CnaB2 domain into a peptide representing the C-terminal β-strand containing the reactive Asp and a protein partner derived from the rest of the protein would allow the two partners to reconstitute and undergo covalent reaction (Fig. 1C) . This reaction occurred initially over hours for each species present at 10 μM, but by rational optimization of the S. pyogenes (Spy) protein partner (termed SpyCatcher) (SI Appendix, Fig. S1 ) and the peptide tag (termed SpyTag) (SI Appendix, Fig. S2 ), reaction now occurred in minutes (vide infra). Mixing SpyTag fused to Maltose Binding Protein (SpyTag-MBP) with SpyCatcher led to high yield of a product resistant to boiling in SDS (Fig. 1D) . Mutation of the catalytic Glu 77 in SpyCatcher (EQ mutant) or the reactive Asp 117 in SpyTag (DA mutant) abolished covalent bond formation (Fig. 1D ). Isothermal titration calorimetry showed that SpyTag DA-MBP and SpyCatcher formed a noncovalent complex with a K d of 0.2 μM (SI Appendix, Fig. S3 ), a high affinity for a peptide-protein interaction (6) (7) (8) .
Electrospray ionization mass spectrometry confirmed that reaction of the peptide with SpyCatcher led to covalent bond formation, with the combined mass 18 Da less than the sum of the individual masses, from loss of water ( Fig. 2A) .
We determined the efficiency of reaction between SpyTag-MBP and SpyCatcher and saw high yielding and rapid reconstitution, with more than 40% forming a covalent bond in the first minute (Fig. 2B) . The second-order rate constant was 1.4 × 10 3 AE 43 M −1 s −1 (SD, n ¼ 3) and the reaction half-time was 74 s (Fig. 2C) . Reaction was still rapid with each partner present at twofold or 10-fold lower concentration (SI Appendix, Fig. S4 ).
SpyTag Reaction was Robust to Diverse Conditions. We characterized how sensitive the reaction between SpyTag-MBP and SpyCatcher was to the sample conditions. The reaction proceeded similarly at 25°C as at 37°C (Fig. 3A) . Reaction was also efficient at 4°C, although significantly slower than at 25°C (for the 1 min timepoint: P < 0.0001, n ¼ 3) (Fig. 3A) .
We were also interested in the dependence on pH, to see whether SpyTag could be used in low pH compartments of the cell, such as endosomes. Reaction was efficient at all pH values tested from 5 to 8 (Fig. 3B) . In fact, the reaction was slightly faster at pH 5 and 6 than at pH 7 (comparing pH 6 with 7 for the 1 min time-point: P < 0.0001, n ¼ 3) (Fig. 3B) .
Reaction efficiency was compared in the presence of a range of buffers (PBS, phosphate-citrate, Hepes, Tris), but these had little effect, indicating that the reaction was robust to buffer composition (Fig. 3C ). In particular there was no need for Ca 2þ or Mg 2þ , even though these divalent cations are important for the function of many extracellular proteins, such as integrins or sortases. Because there are no cysteines in SpyTag or SpyCatcher, as expected there was no effect of reducing agents on the reaction (SI Appendix, Fig. S5 ), so that reaction should be efficient in the cytosol/nucleus, secretory pathway, or outside the cell.
We also tested the effect on the reaction of adding detergent, to investigate if SpyTag could be used in cell lysates or in conditions used to stabilize membrane proteins. There was no substantial effect on the reaction in the presence of high concentrations of nonionic detergents (Fig. 3D) . We have not come across buffer conditions that impair SpyTag reaction, apart from the presence of sodium dodecyl sulfate from the loading buffer for SDS-PAGE.
SpyTag was Reactive at N-Terminal, Internal, and C-Terminal Sites.
Antibodies often preferentially recognize peptide tags at specific termini (1), while split intein/sortase tags must be at particular sites in the protein (14, 15) . To establish the generality of SpyTag function, we tested whether SpyTag could react at different locations in proteins. SpyTag-MBP has the SpyTag internally: SpyTag is preceded by a His 6 -tag and a thrombin cleavage site at the N terminus and is followed by MBP. N-SpyTag-MBP has SpyTag directly after the initiating formyl-methionine: reaction of N-SpyTag-MBP with SpyCatcher was still efficient (SI Appendix, Fig. S6A ). We also generated a construct with two SpyTags: the first SpyTag was between MBP and the three zinc fingers of Zif268, while the second SpyTag was right at the C terminus, following Zif268 (termed MBP-SpyTag-Zif-SpyTag). Both SpyTags were reactive, generating a doubly-branched protein with two SpyCatcher moieties covalently attached (SI Appendix, Fig. S6B ).
SpyTag Reaction was Not Reversible over a Day. Spontaneous isopeptide bond formation is most common between Lys and Asn (10), where there is loss of NH 3 , which may diffuse away and so help to promote irreversibility. For spontaneous isopeptide bond formation between Lys and Asp, there is loss of H 2 O but there is approximately 55 M H 2 O present (at least at the surface of the protein), which could make the SpyTag:SpyCatcher reaction reversible (16) (SI Appendix, Fig. S7A ). To test whether the SpyTag reaction would reverse, we allowed SpyCatcher to react with SpyTag-MBP and then, to see if there was any backward reaction, we added a 20-fold excess of Cna peptide to capture any free SpyCatcher (SI Appendix, Fig. S7A ). However, overnight incubation with competing free peptide did not lead to a decrease in the SpyTag-MBP:SpyCatcher covalent complex and there was no appearance of the Cna peptide:SpyCatcher complex (SI Appendix, Fig. S7B ). Cna peptide gave complete conversion of unreacted SpyCatcher (SI Appendix, Fig. S7B, lane 8) . Therefore, the SpyTag reaction did not reverse under these conditions. Note that once the protein is unfolded the isopeptide bond between SpyTag and SpyCatcher should be as chemically stable as a typical amide bond, resisting prolonged boiling.
SpyTag Reacted Efficiently Inside Cells. Because SpyTag and SpyCatcher are genetically encodable, we tested whether SpyTag-MBP and SpyCatcher could react together inside the cytosol of Escher- ichia coli. Cells were transformed with a plasmid encoding the proteins individually or bicistronically, induced with IPTG, and subsequently boiled with SDS loading buffer to prevent any ex vivo reaction. Lysates were then analyzed by SDS-PAGE. A covalent complex corresponding to the expected molecular weight of SpyCatcher:SpyTag-MBP could be clearly observed and little unreacted SpyTag-MBP remained (Fig. 4A ). This covalent complex was not present when SpyTag-MBP was coexpressed with the control SpyCatcher EQ (Fig. 4A) . Mixing lysate or cells from bacteria expressing SpyCatcher or SpyTag-MBP individually did not lead to covalent complex formation (Fig. 4A ), indicating that reaction was not occurring ex vivo and consistent with SpyTag being able to react efficiently in the cytosolic environment.
To address whether SpyCatcher had reacted with other cytosolic proteins, His 6 -tag containing proteins were pulled down with Ni-NTA. SpyTag-MBP, SpyCatcher, and SpyCatcher EQ all contain an N-terminal His 6 -tag, and so we would expect to pulldown these proteins and any covalent complexes they formed. As expected SpyTag-MBP and SpyCatcher had efficiently reacted, depleting almost all SpyTag-MBP, but there was minimal pulldown of proteins of other molecular weights as assessed by Coomassie staining, indicating specificity of the SpyTag reaction in the cytosol. Using silver staining and anti-His immunoblotting as more sensitive probes for lower abundance interactions detected a small amount of a second protein pulled down in SpyCatcher-expressing bacteria (SI Appendix, Fig. S8 ).
SpyTag Reaction was Specific at the Mammalian Cell Surface. Stable and specific targeting of biophysical probes at the mammalian cell surface is an important challenge in the study of receptor function (1, 15) . SpyTag was targeted to the surface of HeLa cells by genetic fusion to green fluorescent protein-labeled Intercellular Adhesion Molecule-1 (ICAM1), to give SpyTag-ICAM1-GFP (Fig. 4C) . SpyTag-ICAM1-GFP trafficked efficiently to the plasma membrane (Fig. 4D) . Alexa Fluor 555-labeled SpyCatcher added to the medium labeled GFP-positive cells, even those with low expression levels, but did not label neighboring nonexpressing cells (Fig. 4D) , showing that there was little nonspecific binding. In addition, cells expressing SpyTag-ICAM1-GFP were not labeled by the negative control dye-labeled SpyCatcher EQ ( Fig. 4D) . SpyCatcher attachment to cells was resistant to acid wash (SI Appendix, Fig. S9 A and B) , suggesting that this cellular labeling was highly stable.
The nature of the labeling was further explored by immunoblotting against the HA tag on SpyTag-ICAM1-GFP, showing an adduct of SpyTag-ICAM1-GFP consistent with interaction with SpyCatcher and stable to boiling in SDS, indicating that the reaction was covalent (SI Appendix, Fig. S9C ). To see if SpyCatcher had reacted with other cellular proteins, we blotted against the His 6 -tag on SpyCatcher. The anti-His blot showed a new band, corresponding to the molecular weight of SpyCatcher:SpyTag-ICAM1-GFP, while there was no detectable reaction on cells not expressing SpyTag-ICAM1-GFP (SI Appendix, Fig. S9C ). These blots indicate that SpyCatcher showed high specificity to detect SpyTag amidst the diverse other surface proteins (17) and that the reaction was efficient at cellular expression levels.
SpyTag Formed Mechanically Stable Bonds with SpyCatcher. Because the environment of the SpyTag:SpyCatcher reactive residues lowers the activation energy for amide bond formation, it is possible that the activation energy for amide bond hydrolysis could also be decreased. We showed that under mild conditions, in the presence of excess competitor, there was no sign of breakage of the bond to SpyTag (SI Appendix, Fig. S7 ). However, it was possible that pulling on SpyTag would distort the energy profile and lead to efficient bond breakage (18) , making the SpyTag system mechanically labile. We assessed the mechanical stability of SpyTag at the single-molecule level, using dynamic force spectroscopy with an atomic force microscope (AFM). We fused SpyCatcher to two I27 domains, which provide a fingerprint from their characteristic unfolding force, to validate that one is observing specific cantilever bending from pulling on a single molecule (19) (Fig. 5A) .
For the interaction between SpyTag and SpyCatcher we observed traces with a breakage force >1 nN (Fig. 5 B and C) , consistent with mechanochemistry taking place as the cantilever breaks a covalent bond when it retracts (18) . The median breakage force for the covalent interaction was 1.9 nN, which is >20 times stronger than streptavidin-biotin or antibody-antigen interactions (20, 21) . C-N and C-C bonds are not predicted to break until 5 nN (18), so it is likely that was not the isopeptide bond, nor another bond in the protein which broke, but rather a weaker link in the chain, such as a C-S bond linking the proteins to the cantilever/ bead. The nonreactive SpyCatcher EQ, after 1,940 tests with SpyTag, formed zero interactions above 500 pN (Fig. 5D , comparing SpyCatcher and SpyCatcher EQ: Fisher's exact test P < 0.0001). As further negative controls, with no SpyCatcher on the cantilever or with SpyTag on the bead preblocked with free SpyCatcher, there were also zero force traces above 500 pN (Fig. 5D) , consistent with the specificity of the >500 pN interactions between SpyTag and SpyCatcher seen by AFM.
The cantilever was lowered for 20 s, in which time we would expect only a fraction of covalent bonds to form (Fig. 2B) , so that we could probe the early stages of the SpyTag:SpyCatcher interaction. The unusually long contact times of this experiment made it challenging to avoid nonspecific interaction between the cantilever and the bead surface (22) . Hence there was a low background of tests where the polyethylene glycol (PEG) and agarose linkers were extended for the negative controls, using no SpyCatcher or using preblocked SpyTag (Fig. 5D) , giving force traces <500 pN. The frequency of PEG extensions for SpyCatcher EQ interacting with SpyTag was comparable to these two controls (Fig. 5D) . Therefore there was no detectable interaction between SpyCatcher EQ and SpyTag in this experiment. However, the frequency giving force traces <500 pN for SpyCatcher interacting with SpyTag was significantly higher than for the other three conditions (chi-squared P < 0.0001) (Fig. 5D) , supporting that the 100-200 pN peak for SpyTag and SpyCatcher (Fig. 5C ) was a specific interaction. This peak was likely the force from a noncovalent interaction between SpyTag and SpyCatcher, as SpyTag docks and forms β-sheet hydrogen bonds. 100-200 pN is strong for a protein-protein interaction (23, 24) and, in concert with the isothermal titration calorimetry data (SI Appendix, Fig. S3 ), the AFM results suggest that the SpyTag:SpyCatcher interaction has unusual mechanical strength even before the covalent bond forms.
Discussion
Formation of an amide bond from reaction of a carboxylate with an amine is thermodynamically unfavorable under standard biochemical conditions (16) ; the equilibrium constant for two amino acids reacting to form a dipeptide plus water is approximately 10 −3 (16) . Hence proteases reach equilibrium with almost complete hydrolysis of their peptide substrates, while protein synthesis depends on ATP-dependent amino acid activation by amino-acyl tRNA synthetases. Studies attempting to use proteases to catalyze amide bond formation have established that factors moving the equilibrium towards bond formation are a low dielectric constant to facilitate deprotonation (removing the energetic cost from dehydration of the charges) and trapping the product, either by transfer to an organic phase, precipitation, or an exergonic binding interaction (16) . Therefore, for intermolecular amide bond formation by SpyTag, the orientation of the reactive groups, the hydrophobic environment, and proton-shuffling by Glu 77 all accelerate the reaction kinetics, but the environment created in the SpyTag: SpyCatcher complex is also likely to determine that the position of equilibrium lies firmly on the side of bond formation; we found that SpyTag formed the covalent complex with high yield both in vitro ( Figs. 1 and 2) and inside E. coli (Fig. 4) .
Isopeptide bond formation is a spontaneous posttranslational modification found in several extracellular proteins from Grampositive bacteria, including human pathogens such as Staphylococcus aureus, Corynebacterium diphtheriae, and Streptococcus pneumoniae (10) . There has been little indication of how fast isopeptide bond formation occurs, because the protein recovered from recombinant expression had reacted to completion (12, 25) . With this split system we provide the clearest evidence that reaction can occur in minutes, consistent with the biological time scale for export of these proteins (13, 26) . Regarding the evolution of this posttranslational modification, our search for a fast reacting peptide tag showed that every change we tried to the residues in the C-terminal β-strand, even conservative changes pointing away from the protein partner, greatly reduced the speed of reaction (SI Appendix, Fig. S2B ), suggesting that the reactive aspartic acid must be precisely aligned for reaction and that there is strong evolutionary selection for the stability the bond provides to the protein. Because residues in the C-terminal β-strand could not be changed, we managed to increase the efficiency of reaction by including an extra 5 C-terminal amino acids (SI Appendix, Fig. S2 ), which were not seen in the crystal structure (11) but may have an interaction with the main domain, facilitating docking of the peptide with SpyCatcher.
Our results also provide insight into the mechanical stability of spontaneous isopeptide bonds. The pilin Spy0128, has been analyzed by dynamic force spectroscopy and shown to be resistant to stretching because of its isopeptide bond, but forces >1;000 pN (sufficient to break covalent bonds) were not explored (27) . Also, in Spy0128 the reaction was between Lys and Asn (25, 28) , rather than Lys and Asp for CnaB2 (16) . Like Spy0128, in CnaB2 the isopeptide is between the N-terminal and C-terminal β-strands, so that, if the isopeptide does not break, then the force on the protein will not cause any extension of the protein chain. Intermolecular reconstitution can be achieved with split Spy0128 but the partners react orders of magnitude slower, undergo side reactions, and the protein is undesirably large (29) . The stability of the SpyTag interaction before the isopeptide bond forms may relate to the known mechanical strength of long parallel β-strands, where multiple hydrogen bonds have to break simultaneously (23) . The resilience of SpyTag:SpyCatcher to pulling forces after isopeptide bond formation suggests that the CnaB2 domain may be exposed to high force in bridging S. pyogenes to fibronectin during cell invasion (13) . Precise attachment of proteins to AFM tips, to understand protein folding and resistance to extension, is usually achieved by introducing cysteines. However, carbon-sulfur or sulfur-sulfur bonds break at lower forces than amide bonds (18) and introducing free cysteines often disrupts folding of proteins containing disulfides; instead fusing a protein of interest to SpyTag may prove a useful handle to allow AFM tips to pull on specific proteins, even on the cell surface.
Peptide tags are a central tool in molecular biology (1). However, the reversibility of peptide binding often compromises sensitivity of immunoassays, stability of arrays/nano-assemblies, and purity of protein purification (1, 30, 31) . SpyTag is a short peptide with fundamentally different binding characteristics to peptide tags in current use, forming a covalent isopeptide bond to its protein partner. Reaction requires only mixing and is rapid, high yielding, robust to experimental conditions, and shows good specificity. The reactivity of SpyTag at 37°C means that SpyTag can be used in live cell imaging of mammalian cells and also potentially in transgenic mammalian systems. The reactivity at 4°C, combined with the resistance to commonly used detergents, should allow the use of SpyTag for pull-downs in cell lysate, where the low temperature minimizes proteolysis. The range of pH values over which SpyTag can react and the absence of Cys in SpyTag or SpyCatcher should facilitate its use in the cytosol, nucleus, outside the cell, but also in the low pH endosomes and lysosomes. This robustness of spontaneous isopeptide formation to various conditions may be because docking of the peptide and protein partner could create a microenvironment buried from the surface. Note that derivatizing SpyCatcher with an N-hydroxy succinimide (NHS) activated dye did not block reaction with SpyTag (Fig. 4D) , suggesting a reduced accessibility of Lys 31 to exogenous labels, which will facilitate surface attachment of SpyCatcher or conjugation with other biophysical probes.
There are a number of ways to engineer peptides to react with small molecules, most commonly SNAP-tag (an engineered protein tag for multiprotein labeling in living cells) and HaloTag (2, 4, 32, 33) , but unlike SpyTag, these methods are not suitable for directing interactions with other proteins. Coiled coils can drive specific protein association in living cells but have limited stability (34) . Native chemical ligation is an elegant way to link proteins (35, 36) but specificity and yield appear to be limited in cells (36) . Sortase can be used to link together two proteins in vitro or to link a peptide with a small molecule on the surface of living cells, but requires high [Ca 2þ ] (15), which is damaging in the cytosol or nucleus. Photoreactive amino acids are powerful for identifying unknown binding partners (37, 38, 39) but (i) require UV which is often damaging in living systems, (ii) do not react with a defined partner, and (iii) typically give low yields (38) . A protein containing an artificial alkyne amino acid can react with another protein containing an artificial azido amino acid (40) but the reaction must be catalyzed by toxic Cu I . Furthermore, the reaction would not just be between the tagged proteins but also between the free amino acids. Split inteins can covalently splice proteins together and have the great advantage of leaving no trace after reaction (14, 41, 42) , but must be located at defined termini and may undergo side reactions (43) . Thus SpyTag has distinctive features in terms of flexibility of reaction conditions, specificity in cells, and high yield of reaction, in comparison to existing chemical biology approaches for irreversible protein targeting.
Limitations of SpyTag are that it is not traceless, in contrast to split intein-mediated ligation, and that the reaction rate is still far from the diffusion limit, although future work with phage or ribosome display (44) should be able to improve the on-rate. The rapid on-rate makes the femtomolar affinity streptavidin-biotin interaction so useful for isolation of biotin-conjugates at trace concentrations (31, 45) . However, the strongest noncovalent interactions, such as streptavidin-biotin, can be broken in seconds by molecular motors (46, 47) or in milliseconds by shear forces (48) , so it has been very difficult to provide barriers or locks in cellular systems using current tools. Molecular motors will not be able to break the covalent bond formed by SpyTag, which should be targetable to specific proteins, compartments or cell types, expressed from inducible promoters. Overall, SpyTag should enable new possibilities for cell biologists to probe the effect of force in cells (49) and for biochemists to create new protein architectures (34) .
Materials and Methods
In Vitro Reconstitution Reactions. Cloning, protein expression, statistical analysis, isothermal titration calorimetry, AFM, microscopy, in vivo reconstitution, mass spectrometry, and immunoblotting are described fully in the SI Appendix. Briefly, SpyTag-MBP, SpyCatcher, and variants of these proteins were expressed in E. coli and purified using Ni-NTA resin.
Amide bond formation between the protein and peptide binding partners was monitored by SDS-PAGE. To demonstrate covalent reconstitution (Fig. 1D ), proteins were mixed at 10 μM in PBS pH 7.4 at 25°C for 3 h. All quantified reactions were performed in triplicate. To stop reactions, samples were heated in SDS loading buffer on a Bio-Rad C1000 thermal cycler at 95°C for 7 min. SDS-PAGE was performed on 14% polyacrylamide gels, using an X-cel SureLock (Life Technologies) at 200 V for approximately 1 h. Gels were stained with Instant Blue Coomassie stain (Triple Red Ltd.) and band intensities were quantified using a Gel Doc XR imager and Image Lab 3.0 software (Bio-Rad).
Reactions for analyzing speed, pH-dependence, temperature-dependence, and the reversibility of amide bond formation were performed by mixing 10 μM of each protein in 40 mM Na 2 HPO 4 with 20 mM citric acid pH 7.0 (phosphate-citrate) for the indicated time at 25°C, or at the indicated temperature and pH. (PBS alone would not enable proper buffering over the pH range explored.) For determining temperature dependence all reactions were incubated in a Bio-Rad C1000 thermal cycler at 4, 25, and 37°C with a heated lid to prevent evaporation.
To calculate the rate constant, SpyTag-MBP and SpyCatcher at 10 μM were mixed in triplicate in phosphate-citrate and incubated at 25°C for 1, 3, or 5 min, in the linear part of the reaction. Samples were then heated to 95°C for 7 min in SDS loading buffer and analyzed on 14% SDS-PAGE with Coomassie staining. Unreacted SpyCatcher concentration was quantified from band intensity as above. 1∕½unreacted Spy Catcher was plotted against time and a straight line, whose gradient corresponds to the second order rate constant, was fitted using the "LINEST" linear least squares curve-fitting routine in Excel. The units were converted from μM −1 min −1 to M −1 s −1 . The correlation coefficient and error bars to the gradient were calculated using the LINEST function in Excel. The reaction half-time was calculated from t1 2 ¼ 1∕k½SpyCatcher 0 . To test reversibility, 10 μM SpyTag-MBP and 10 μM SpyCatcher in phosphate-citrate were incubated for 3 h at 25°C to allow reaction to take place. 100 μM Cna peptide (RSGAHIVMVDAGSR, made by solid-phase synthesis at 98% purity by Insight Biotechnology Ltd.) was then added and incubated at 25°C for 16 h, before SDS-PAGE. In control experiments, 10 μM SpyCatcher or SpyCatcher EQ was incubated with 100 μM Cna peptide for 3 h at 25°C in the same buffer. Also, 10 μM SpyCatcher or SpyCatcher EQ was incubated with 10 μM SpyTag-MBP for 3 h at 25°C in the same buffer.
The survey of SpyCatcher reactivity against the series of peptide-MBP variants was performed by mixing each protein at 10 μM in PBS pH 7.4 and incubating at 25°C for 30 min.
For analyzing the effect of various buffers on the covalent reconstitution between SpyCatcher and SpyTag-MBP, each protein was mixed at 10 μM in either phosphate buffered saline (PBS) pH 7.4, phosphate-citrate, 50 mM Tris (tris-hydroxymethyl aminomethane) pH 7.0, or 50 mM Hepes [4-(2-hydroxyethyl)-1-piperazine ethanesulfonate] pH 7.0 and incubated at 25°C for 1 or 10 min.
For analyzing the effect of detergent on amide bond formation, SpyCatcher and SpyTag-MBP were mixed at 10 μM for 3 h at 25°C in either PBS pH 7.4, or PBS pH 7.4 containing 1% Triton X-100, 1% Tween 20, or 0.5% Nonidet P-40.
Concentration-dependence of amide bond formation was analyzed by incubating SpyCatcher and SpyTag-MBP both at 1, 5, or 10 μM in phosphatecitrate pH 7.0 at 25°C for the indicated times.
For analyzing the effect of reducing agent on amide bond formation, SpyCatcher and SpyTag-MBP were mixed at 10 μM in phosphate-citrate pH 7.0 with or without 10 mM final concentration of freshly prepared dithiothreitol (DTT) for 10 min at 25°C.
To determine how SpyTag reacted at terminal or internal locations, N-SpyTag-MBP or MBP-SpyTag-Zif-SpyTag was incubated with SpyCatcher or SpyCatcher EQ for 30 min at pH 7.0 in phosphate-citrate buffer at 25°C and analyzed by SDS-PAGE and Coomassie staining; proteins were present at 10 μM, except for those marked 3× which were present at 30 μM.
Calculation of percent reconstitution was performed by dividing the intensity of the band for the covalent complex by the intensity of all the bands in the lane, then multiplying by 100. To analyze the speed of SpyCatcher:SpyTag-MBP covalent complex formation, the reduction in intensity of the band for SpyCatcher was monitored relative to a control not incubated with SpyTag-MBP.
Cell Culture and Labeling. HeLa cells were grown in DMEM with 10% Fetal Calf Serum, 50 U∕mL penicillin and 50 μg∕mL streptomycin. HeLa cells were transfected with a plasmid encoding SpyTag-ICAM1-GFP using TurboFect (Fermentas) following manufacturer's instructions. After 48 h, transfectants were selected and maintained with 5 μg∕mL puromycin. HeLa cells stably expressing SpyTag-ICAM1-GFP were washed with PBS containing 5 mM MgCl 2 (PBS-Mg) and incubated in PBS-Mg containing 1% BSA and 5 μM SpyCatcherAlexa Fluor 555 or 5 μM SpyCatcher EQ-Alexa Fluor 555 for 15 min at 25°C. Cells were then washed twice in PBS-Mg at 4°C and imaged live.
